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I. Introduction
This paper develops new approach of power arcing fault detection and location, only based on radio frequency (RF) signals energy associated with arcing faults in power systems network. Using strategically placed directional founding sensors such as Yagi-Uda antennas the arc EM signals are recorded and analysed [1] - [3] .
Several reviews have shown that the prevailing types of the power arcing faults in power systems network are basically single phase to ground faults [1] - [3] .
The detection and location of power arcs is critical for the distribution management system (DMS) and/or outage Management system (OMS) because an accurate location of the fault arcs could minimize power supply restoration outage times under real field conditions. However since the advent of radar system, detecting the electromagnetic radiations sources has become quite prominent and suitable technique for several researchers [1] - [51] .
The information extracted via EM radiated signals using four strategically placed directional antennas can be used to pin arc source point position.
As suggested by several existing reviews done by [1] and [3] -[51] the detection and location via power arc EM radiations can be achieved using several techniques like: (i) Angle of RF signal Arrival method (AoA), (ii) RF signal Time difference of Arrival (TDOA) method and (iii) RF signal Propagation Attenuation (PA) method to cite only few. The later method is mainly used in this present paper. Basically dealing with RF signal is not that simple because the interferences related to free space RF noise can affect the integrity of the signal of interest.
But in order to minimize the undesirable effect of the space noise, this paper proposes the use of only the first cycle of the EM wavefront which contains the signal First Peak of Arrival (FPA). Then the corresponding energy can be exploited in conjunction with Inverse Square Law (ISL) to pin arc source point position. The advantage of this new approach is such that prior knowledge of the arc transmitted energy is not necessary. This paper is organised as follows: Section II presents the power arcing faults conventional-, the arc interruption via circuit breaker-and the arc electromagnetic radiation-models. The experiment designed to detect and locate the power arcing faults together with the experimental results and discussion related to the practical feasibility and limitations of the proposed method are presented in Section III. Finally, in Section IV, the conclusions are given with suggested improvements.
II. Power Arcing Faults
II.1. Power Systems Arcing Fault Conventional Model
Power arcing faults occur usually as an electrical breakdown of a gas which produces persistent plasma discharge in the surrounding region centred at the emission point. Once an arc is ignited its associated electromagnetic field induces a current in an ordinarily nonconductive media like air and the arc discharges phenomenon and mechanism are associated with low current amplitude and high temperature at first stage and current increases rapidly after few microseconds.
This arc high temperature ionises the air or gas molecules to produce additional electrons which sustain and help the arc in burning stage. The study conducted by [3] indicates that the maximum current through an arc is controlled exclusively by the external circuit which does not actually depend on the arc. Such behaviour result in a decrease of arcing fault voltage ( ) and simultaneously causes the arc current ( ) to rise rapidly, therefore the arc resistance ( ) will obviously have a negative slope. The arc current can be modelled as follows:
where = , ( ) is the time dependent arc current, the angular frequency per cycle = 2 ( is a wave frequency), is the sampling period, is the arc voltage, while and are respectively the arc restrike and maximum voltages.
However an investigation conducted by [3] showed that in reality the arc has both an inductance and conductance. Therefore the time dependency of such arc current characteristic due to its small inductance and conductance can be modelled using the arc current and its time derivative as expressed in (2) and (3):
(2 ) = + + (20 + 534 )
where and are respectively the arc inductance and conductance and the constant is the arc luminance factor which exclusively depends on the arc propagation medium (i.e. air in this paper), the arc voltage and current. 
II.2. Circuit Breaker Interruption Models
Under both normal and abnormal field conditions circuit breakers (CB) are usually used to interrupt the load supply in power systems network.
These interruptions are done when CB is suddenly opened, giving rise to an arc ignition. In order to study these arcs due to CB, Mayr and Cassie have developed two models which establish a relation between the arc conductance with arc voltage and power. The formulations of these models are respectively as follows: (4) 
where is the arc current, the arc voltage, the arc cooling power, the arc conductance, the arc time constant, the constant supply voltage and (. ) = (. ) the natural logarithm where ≈ 2.718. The next section will examine the energy radiation mathematical theory and its feasibility in arc fault detection and location.
II.3. Electromagnetic Energy Radiation Model
RF signals can travel from the EM radiated source point to the receiver (namely antenna) by propagating in free space or via a medium. Assume power arc fault as dipole source such as illustrated in Figure 2 and if the arc source EM energy is radiated uniformly in all directions, then it is said to be isotropic and energy propagates outward spherically. [1] Then any directional finding antenna placed at a distance ( ) from that EM source point will be enclosed in the sphere of radius ( ) and the antenna receives an energy expressed as [3] :
where ( , ) is the arc radiated energy which is function of both distance ( ) and time ( ), is the phase angle between the current direction and the distance unit vector ⃗ = ⃗ ⃗ , is the permittivity of air, is the speed of light and is the total length of the current ( ).
Fig. 2. Arc current representation
Taking a time derivative of the arc current as shown in (7) gives the arc associated electric field as illustrated in (8) under the steady state conditions [3] :
where and are the partial derivatives of the current respectively in time domain and along the z-direction. The partial derivative is actually the speed at which the arc current propagates in the direction [3] :
The solution of the integral in (8), illustrates a small variation in arc current = − , (where and are respectively the breakdown transient peak and initial currents [3] :
Referring to Fig. 2 and assuming a spherical coordinate system frame of reference together with the arc signal angle of arrival which are independent variables { , , } the resulting phasor of the potential vector is given as:
= 0
where ( ) is the arc electric field at distance ( ), is the arc radial component in the direction of ⃗ , is the arc tangential component in the direction of unit vector ⃗ , is the arc tangential component in the direction of unit vector ⃗ and = is the angle of the signal propagation.
If the arc is located at any point different from the system origin, its 3D coordinates can be calculated when the values of the signal angle of arrival ( ), ( ) and the distance ( ) that separates antenna i and the arc source for each placement are known, and with an assumption that the antenna i is located on the periphery of the sphere having a radius ( ): After this brief introduction of the electromagnetic energy radiation in free space, its practical application in fault detection and location is discussed in the next section.
II.4. Detection and Location Methods
The electromagnetic radiation can originate from different sources in power system when arcing fault occurs. These arc fault events are caused by: (i) lightning, (ii) switching surges, (iii) trees growing in the vicinity of the load line, (iv) wind causing adjacent conductor touching, (v) wind driven objects, (vi) broken and damaged insulation material and (vii) ice inducing conductor sagging and breaking. Using strategically placed antennas the electromagnetic radiation emitted by arcs can be detected and located according to [1] - [5] , [8] - [9] Once the electromagnetic radiation signal emitted by the arc has been gathered, the recorded data can be analysed using (15) to extract the energy absorbed by the antennas during signal wave front first cycle of arrival.
As seen in (15) ( ) is the total energy captured by the antennas which is obtained by the summation of the squared sample data over the first peak wave front propagation period ( ), where ( ) is the signal of interest. Additionally the equation (15) is shown in both continuous time and discrete domains, where is the total number of samples and = 1, 2, 3, … − 1:
The electromagnetic radiated energy ( ) is scattered as summarized in Table I and plotted as illustrated in Fig.  4 based on antennas' placement 1.
In this experiment 5 antennas' placements as discussed in [1] - [2] are used, and the entire energy results derived from (15) when applied to the real experimental data are shown in Table I . As seen in Table I the absorbed energy varies with respect to the antennas' placement. Referring to Fig. 5 these energy values are distributed as follows: in placement 1 as the 4 antennas are horizontally aligned and the captured energy by antenna 1 is 6% of the total transmitted energy by the arc, while those detected by antennas 2, 3 and 4 are respectively 15%, 56% and 23%.
Similar analogy is all observed for the other placements (see Figs. 13 -16 ).
These variations of energy are as expected since antenna 3 is much closer to the source point, and followed respectively by antennas 4, 2 and 1. This follows the signal propagation power density law, Inverse Square Law (ISL) expressed as: (16) where is the received energy, is the distance between the arc source and the antenna and is the energy transmitted by the arc source point. The equation (16) implies that in free space, all electromagnetic waves obey the inverse-square law, and the radiated energy emission is proportional to the inverse of the square of the distance from a point source. Fig. 6 shows the absorbed energy by the 4 antennas for each placement.
The experiment setup of the proposed method for arc detection and location is discussed in the next section.
III. Arc Location Experiment and Data Analysis
In order to evaluate the performance of the proposed method, we performed a set of arc location experiments as shown in Figs. 7-8 [1] .
III.1. Experiment Set-up
The set-up depicted in Figures 7-8 is similar to the setup made and discussed in [1] - [2] . It consists of four strategically placed antennas around the arc source covering a portion of RF radiation space. These 4 antennas detect the electromagnetic radiation energy emitted by the arc source formed by a tree leaned on an energized conductor. As mentioned before 5 different antennas' placements were used. 
III.2. Results and Discussion
In order to demonstrate the applicability of the proposed arc detection and location method, real data of an experimental mimic power arc electromagnetic radiation was obtained based on strategically placed antennas. These antennas were located at a distance of 2 to 12 m from the source point, in order to detect the radiation emitted by a power arc produced by a pine tree leaned on an energized conductor.
The duration of recording was 1 with a sampling ratio of 2 × 10 samples/s and 20002 samples were made available. The arc EM signals obtained in this experiment are shown in Figs. 3 and 9 . Based on these figures, two interesting facts emerge as follows: (i) the signals patterns are quite similar showing a suitable scheme using antennas to detect power arc effectively in this proposed method. Next (ii) the relation of the distance between the antennas and the arc source point and the arc signal arrival amplitude shows nonlinear characteristics.
Based on these two aspects, the gathered arc signal radiation energy and the distance define a clear relation which is observable in Fig. 10 . The antennas' captured signals data were truncated using window techniques in order to extract the First Peak of Arrival (FPA) first cycle.
Then the Eq. (15) was used to calculate the area under the curve as illustrated in Fig. 4 in order to obtain the signal FPA energy and the results are summarized in Table I . Using the actual distance ( ) (namely DOA) between the antennas and the power arc source as shown in Table V in conjunction with the calculated energy in Table I , a curve fitting energy-distance equation was formed as (17) and shown in Fig. 10 :
where and are parameter values as summarized in Table II and = 1,2, … .5 is the number of placements. These values are dependent on the antennas placement and varying almost identically as mentioned above.
Assuming that the transmitted radiated energy emitted by the source per placement is constant for the 4 antennas within the same placement, the measured distances between the arc source and the antennas are calculated using (16) and presented in Table IX . The distance ( ) and time ( ) as discussed in [1] - [2] are proportional since = * , where is the speed of light. Next the signal times of arrival (TOA) are calculated for both actual and measured distances as summarized respectively in Tables III and VII. From the TOA calculated results, the TDOA are simply obtained using an arithmetic subtraction between pairs of TOA and the outcomes are illustrated respectively for both actual and measured results in Tables VI and VIII. Having obtained the TDOA, the algorithm used to derive the exact arc source point location based on the captured signal data is explained in detail in [1] - [2] . According to [1] the solution of (18) is formed by an application of the Newton-Raphson technique procedure in order to solve the nonlinear Eqs. (18):
where ( ) is a non-linear vector function discussed in detail by [1] , = ( , , ) is a vector variable, ∆ is the distance between the arc source and the antenna i and is the distance difference of arc signal arrival (DDOA) between antennas i and j. Function ( ) is expanded using Taylor's series in vicinity of the root iteration = ( , , ) as the iteration guess point.
The non-linear system (18) was solved after 4 iterations when the sum of squared function values reaches 1.58e-25 that is less than square root of the function tolerance default set as 1.e-03, as illustrated in Table XI for the placement 1 and Tables XII, XIII, XIV  and XV for Finally as illustrated Table XVI the arc source ( ) − coordinates (ASCC) per placement is computed and compared with the actual ASCC as shown in Table  XVII and Figs. 11, 12 and 17-18. The good performance of the proposed method in this experiment is illustrated by Fig. 11 , where we can observe that the measured ASCC per placement lies inside a sphere of 1 m radius centered at the actual source coordinates namely and marked with a red filled circle (○).
The measured sources are follows: , , , and and they are respectively marked with dark blue, green, black, purple and light blue filled circle (○).In order to compare the results, we used the available actual and measured arc sources between the antennas placements shown in Table XVI. These sources were defined by a least square iteration method as discussed above and the results are shown in Tables XI-XV. Table XVII presents the absolute errors between the measured and estimated arc sources ASCC generated by the LSM algorithm.
We can conclude that the algorithm is suitable, since the information in the arc radiation waveforms, although corrupted measurement noise, was useful and allowed for the arc source estimation quality improvement. Figs. 12 and Figs. 17-18 show the actual and measured sources plotted in 2D Cartesian coordinates. The actual source is and marked with a red filled circle (○). The measured sources are follows: , , , and and they are respectively marked with dark blue, green, black, purple and light blue filled circle (○).
These measured sources calculated from the proposed energy method lie within a circle of 1 m radius which has its center point at the actual source 2D Cartesian coordinates. Figure 12 is the xy-plane when Figs. 17 and 18 are respectively xz-and yz-planes. 
IV Conclusion
This paper reported an experimental investigation of power arc source detection and location method using radio frequency signal energy measurements obtained by Yagi-Uda antennas. A new algorithm based on the signal windowing principle in order to calculate the energy adsorbed by the antennas is proposed. Such an improvement resolves the problem of arc signal time of arrival (TOA). Moreover, the problem of uncertainty of the parameters related to the external noise interferences is solved by considering only the signal FPA. This combination results in a new adaptive structure for estimating efficiently the power arcing fault source position. The results obtained through experimental data show that the proposed solution could be integrated to the distribution management system (DMS) and/or outage Management system (OMS) for accurate location of fault arcs, faster power supply restoration and minimized outage hours, in other words to enable more efficient operation under real field conditions. The convergence rate of the measured source point to the actual arc source value is acceptable. In summary, it was observed that this new proposed arcing fault detection and location method shows its potential in clarifying the location technique at a reasonable level of accuracy. Despite the good performance of this proposed method, it still has certain limitations. Since the energy absorbed by the antennas is proportional to the distance between the arc source and the receivers, it is important to define the maximum distance that allows for reliable arc location. Doing so could probably help to avoid the received signals to be buried in free space noise. It was also observed that the accuracy of this method depends on the antennas' placement. This is apparent in placement 5 where the measured ASCC presents high distance mean square error deviation when compared to the others. Furthermore obstacles such as mountains and high buildings in urban zone could also cause signals reflection, refraction and at certain point signal diffraction under raining conditions which may affect the integrity of the signal of interest and subsequently yield to measurement errors in real field conditions. 
